ABSTRACT: Biodegradation of persistent micropollutants like pesticides often slows down at low concentrations (μg/L) in the environment. Mass transfer limitations or physiological adaptation are debated to be responsible. Although promising, evidence from compound-specific isotope fractionation analysis (CSIA) remains unexplored for bacteria adapted to this low concentration regime. We accomplished CSIA for degradation of a persistent pesticide, atrazine, during cultivation of Arthrobacter aurescens TC1 in chemostat under four different dilution rates leading to 82, 62, 45, and 32 μg/L residual atrazine concentrations. Isotope analysis of atrazine in chemostat experiments with whole cells revealed a drastic decrease in isotope fractionation with declining residual substrate concentration from ε(C) = −5.36 ± 0.20‰ at 82 μg/L to ε(C) = −2.32 ± 0.28‰ at 32 μg/L. At 82 μg/L ε(C) represented the full isotope effect of the enzyme reaction. At lower residual concentrations smaller ε(C) indicated that this isotope effect was masked indicating that mass transfer across the cell membrane became rate-limiting. This onset of mass transfer limitation appeared in a narrow concentration range corresponding to about 0.7 μM assimilable carbon. Concomitant changes in cell morphology highlight the opportunity to study the role of this onset of mass transfer limitation on the physiological level in cells adapted to low concentrations.
■ INTRODUCTION
Assessing the biodegradation of anthropogenic micropollutants is a prominent challenge of our time. Industrial chemicals, 1 disinfectant byproducts, 2 pharmaceuticals, 3 personal care products, 4 and pesticides 5, 6 are released ubiquitously from nonpoint sources. They are detected with increasing frequency at trace concentrations (ng/L to μg/L) in the environment with the potential to impact ecosystems and human health. 7, 8 Assessing and understanding their degradation raises two aspects of fundamental importance: first, the identification of the limits of biodegradation and second, an in situ assessment of biodegradation.
First, micropollutants are often quite persistent, 9 not only because nonpolar micropollutants can initially sorb to soil and sediment, 10 but also because their biodegradation is observed to slow and ultimately stall below concentrations of 1−100 μg/L. 11 How exactly bacteria adapt to low concentrations, however, is an open question. Do they maintain high degradation rates so that, at one point, mass transfer becomes slow relative to enzymatic turnover? Then organisms would inevitably run into bioavailability limitations at low concentrations. 12−14 Or does enzymatic breakdown slow down so that biotransformation is never truly mass-transfer limited? 15 Then an opportunity may arise to intervene, delay this adaptation and, hence, push degradation toward lower levels. A current obstacle for management and natural attenuation strategies is therefore a knowledge gap of the true limitations in pollutant degradation at very low concentrations. Second, it is a challenge to confidently detect biodegradation in complex natural systems. Environmental micropollutant concentrations decrease not only due to degradation, but also by physical processes (diffusion, sorption, transport). Concentration analysis alone is, therefore, often not sufficient to quantify biodegradation in situ and alternative approaches are warranted To address the second aspect − quantifying micropollutant biodegradation in situ − compound-specific isotope analysis offers such an alternative approach, because information on degradation is not derived from concentrations, but instead from stable isotope ratios of a pollutant. Due to the isotope effect of enzymatic reactions, biodegradation leads to changes in isotope ratios (usually an enrichment of heavy isotopes) at their natural abundance in the remaining pollutant mole-cules. 16 Changes in isotope ratios of the original contaminant can, therefore, provide evidence as "isotopic footprints" of ongoing biodegradation (or chemical transformation) at contaminated sites, whereas diffusion in water causes much smaller isotope effects. 17−19 However, isotope fractionation is also informative to study the first aspect−whether biodegradation is limited by mass transfer. As known from photosynthesis, 21−24 sulfate reduction, 25, 26 or nitrate reduction 27 the masking of enzymeassociated isotope fractionation can be a unique indicator of diffusion/mass transfer limitation in natural transformations. When mass transfer across a cell membrane becomes increasingly rate-limiting, molecules experiencing the isotopic discrimination in the cytosol are immediately consumed and do not get out of the cell any longer to make the enzyme's isotope effect visible in the bulk solution where samples are taken for isotope analysis. As diffusion in the aqueous phase exhibits a very small isotope effect, the degradation-associated isotope fractionation is masked and decreases. 20, 21 This phenomenon has primarily been investigated for substrates that were not limiting for growth such as 13 25, 26 at elevated concentrations. In contrast, no study so far has been conducted for organic compounds as only growth/energy substrate at low concentrations ("micropollutants"). As recently demonstrated, some small organic compounds (e.g., pesticides) can permeate bacterial cell membranes just by passive diffusion, even without active transport 29, 30 in a similar way as CO 2 during photosynthesis. 21, 23, 24, 31 Recent studies highlight the importance of microbial cell envelope on observable isotope fractionation 36 in particular on passive permeation rates of atrazine uptake during biodegradation. 30 An entirely different twist to the storywhich highlights the need to explore degradation specifically at low concentrationshas been brought forward by a conceptual model by Thullner et al. 37, 38 The authors demonstrated that the same processbiodegradation of a given compound by a given bacteriummay show large isotope fractionation at high concentrations, however small isotope fractionation at low concentrations. Maybe surprisingly, the large number of studies that have reported pronounced observable isotope fractionation in organic contaminant degradation 32−34 imply that 35 such diffusive mass transfer is frequently not rate-limiting at high concentrations. 29 A turning point in isotope fractionation may be expected, however, when substrate availability becomes so low that enzyme binding sites are no longer fully saturated. Whereas enzyme saturation at high substrate concentrations (c ≫ K M ) implies that enzyme kinetics follows pseudo zero-order and is, therefore, ratedetermining, at low concentrations (c < K M ) enzyme kinetics essentially becomes a pseudo first-order kinetics process (where K M is the Michaelis−Menten constant of the enzyme/the Monod-constant of associated microbial growth). 45 Hence, mass transfer can become rate-limiting at low concentrations if (first-order) diffusive exchange is slower than (pseudo-first order) enzymatic turnover. This, in turn, means that the isotope effect of the enzyme reaction will cease to be observable, in exactly the same manner as hypothesized for an onset of bioavailability limitations (see above). This has two consequences. First, if mass transfer limitations prevail at low concentrations, a decrease in isotope fractionation is expected to give direct evidence of this "turning point" so that isotope fractionation bears unique promise as a diagnostic tool to detect the onset of mass transfer limitations at low concentrations. 37, 38 Second, however, it means that such low masked isotope fractionation cannot be used to accurately assess the true turnover of trace concentrations in natural systems!
Whether or not such a turning point in isotope fractionation is really observable does not only depend on K M , but also on microbial adaptation: do bacteria run into mass transfer limitations, or do they adapt their physiology early on (for example by changing cell-wall properties or regulating enzyme expression and activity)? As shown in Figure 1 , practically all Figure 1 . Conventional isotope fractionation studies have been conducted at high concentrations, whereas the chemostat approach allows measuring isotope fractionation at low, environmentally relevant concentrations (left) which allows to detect mass transfer limitations (right). Typical pesticide and pharmaceutical concentrations in the environment are in the μg/L to subμg/L regime, whereas laboratory-based batch studies have consistently investigated degradation-associated isotope fractionation at much higher (mg/L) concentrations (upper panel). Chemostat experiments (lower panel) close the gap by achieving distinct, small steady-state concentrations through varying the dilution rate. Our numerical modeling (modeled residual atrazine concentrations in the lower panel concentration graphs) validates the approach by demonstrating that the oscillation of the residual substrate concentrationresulting from dropwise addition of the mediais negligible. While at high concentrations, mass transfer is not rate limiting for atrazine biodegradation, a different situation could arise at low concentrations, when the enzymatic turnover is faster than the cellular atrazine is replenished by passive permeation of the cell envelope.
available experimental studies on organic compound transformation have been conducted in batch where concentrations changed over time so that bacteria could never truly adapt to a constant surrounding concentration. In addition, experiments were conducted at high (>1 mg/L) pollutant concentrations because of the substantial substance amount required when multiple samples need to be withdrawn for isotope analysis. The low concentration range in the environment (μg/L; where possible mass transfer limitations are expected to become more severe 38 ), in contrast, is practically unexplored territory when it comes to isotope fractionation. 39 This study, therefore, sets out with a new approach and aims to measure isotope fractionation of micropollutants through cultivating atrazine-degrading bacteria in chemostats ( Figure  1) . By lowering the dilution rate, environmentally relevant steady-state atrazine concentrations and growth rates can be established and varied to pinpoint the onset of mass transfer limitations. Further, sufficient amounts of sample may be withdrawn at steady-state to facilitate isotope analysis. Finally, bacteria can adapt to low concentrations mimicking carbonand nitrogen-limiting conditions in the environment. Our model microorganism is the pesticide-degrading bacterium Arthrobacter aurescens TC1, which grows on atrazine as sole carbon and nitrogen source. 40 Hydrolysis by the cytoplasmic enzymes (TrzN, AtzB, and AtzC) first leads to 2-hydroxyatrazine and subsequently produces cyanuric acid, while the alkylamine side chains are further mineralized or used to build up biomass as shown in the Supporting Information (SI) Figure S1 . 41 Strong isotope fractionation during the degradation of atrazine with whole cells 32 and the purified recombinant enzyme 35 indicate that mass transfer is not ratelimiting at high concentrations. Also, an analogue of TrzN (AtzA) has been reported to be constitutively expressed in batch experiments at high initial concentrations of atrazine at early and later exponential phase. 42, 43 Absence of downregulation of s-triazine hydrolases at low atrazine concentrations would mean that enzyme activity stays high, making A. aurescens TC1 a suitable organism to explore an onset of mass transfer limitations. Conversely, if expression of TrzN were to be regulated at low concentrations, A. aurescens TC1 would again be well suited to explore this effect. Together, this makes A. aurescens TC1 an ideal model organism to pioneer the study of its isotope fractionation in chemostat cultivation and to explore limitations of micropollutant biodegradation at trace concentrations. This novel strategy was accompanied by numerical modeling of the chemostat cultivation to validate the experimental approach. A more detailed description of the model can be found in Gharasoo et al. 44 ■ EXPERIMENTAL SECTION Continuous Cultivation. The atrazine degrading bacterium A. aurescens TC1 was cultivated in a glass bioreactor (diameter 130 mm, height 250 mm, and working volume 2000 mL; Applikon Biotechnologie B.V., Netherlands). The cultivation was controlled by myControl (Applikon Biotechnologie B.V., Netherlands) and samples for flow cytometry, concentration analysis by HPLC-UV-DAD, and isotope analysis were taken through the reactor's sampling tube. The cultivation media was a mineral salt medium with 30 mg/L atrazine (97%, Cfm Oskar Tropitzsch, Germany) as sole carbon and nitrogen source. When the bioreactor was initially started in batch mode, also the inoculum (10%) was prepared with mineral salt medium (with total organic carbon content <10 μg/L to prevent carry-over of carbon) supplemented with solid atrazine in excess. The media preparation and the culture conditions are described in the SI. Because atrazine was in large excess of any other organic carbon content present in the feed (<10 μg/L), and because impurities from the walls of the chemostat vessel would be quickly washed out in continuous-flow mode, significant alternative carbon sources are not expected. The bacteria were cultivated over a total cultivation time of 140 days at different dilution rates of μ = 0.023 h −1 , 0.018 h −1 , 0.009 h −1 , and 0.006 h −1 to adjust different growth rates and different concentrations of residual atrazine in the bioreactor.
Calculations to Describe Mass Transport Across the Cell Envelope during Chemostat Cultivation. A numerical model was developed to assess the influence that mass transfer limitations exert on the observed isotopic signature at low steady state concentrations in the chemostat. This model simulates the atrazine degradation, growth, and isotope fractionation in the presence of rate-limiting mass transfer with a mass transfer coefficient k tr 45 and can be extended to include maintenance energy (see SI). The kinetic growth parameters for the model were derived from the different dilution rates of the chemostat run (Kundu et al., in communication) and a fed batch growth experiment (SI Figure S4 ). With a high time resolution of the model, the influence of subsequent droplet addition with the media feed can be analyzed, was found to be negligible under our operating conditions and may only become of relevance at a dilution rate lower than μ = 0.004 h −1 (Figure 1 , Figure 3A ). The model itself has a broader application range which goes beyond the scope of this study. A detailed description of the model and the code can be found in Gharasoo et al. 44 The diffusion coefficient through the membrane D mem and the apparent permeability of the cell wall P app can be calculated according to eq 1 where V out is the bioreactor volume (2000 mL) , respectively. The area and the volume of a single cell are calculated assuming a cylindrical shape ( Figure 2D ). K lipw = 741 is the lipid−water distribution coefficient of atrazine 46 and w = 4 × 10 −9 m is a typical value for the membrane thickness. 47 Calculation of Enrichment Factors in Chemostat. The classical way to determine the enrichment factor of a contaminant degradation reaction relies on the Rayleigh equation where changes in isotope ratios are monitored with decreasing substrate concentration. 48 Alternatively, studies may assess the difference in isotope values of substrate and product when out of large pool of substrate only a small fraction is transformed to one specific product (e.g., biomass out of CO 2 or sulfide out of SO 4 2− ). Both approaches are not possible in micropollutant degradation when >99% of the substrate is transformed, metabolites may be further degraded, may not be accessible to compound specific isotope analysis, or may not even be detectable at all. When studying micropollutant degradation in bioreactors at constant, steady state concentrations the enrichment factor of the degradation of atrazine must therefore be determined in a different way. The substrate inflow per time (F) in = c in × μ is equal to the outflow per time (F) out = c SS × μ plus the substrate degraded per reactor volume
where c in is the atrazine concentration in the inflow, c SS is the steady-state atrazine concentration in the bioreactor and μ is the dilution rate. In chemostat at low growth rates c SS is typically by a factor of 100−1000 smaller compared to c in . 49, 50 Hence, − r/c SS must be much greater than μ meaning that
Stating eq 4 for heavy and light isotopes respectively, and dividing the equations by each other gives an expression for the isotope ratio h c/ 
In a first-order process (
with α = h k/ l k.
F o r a M o n o d -t y p e g r o w t h t h e e x p r e s s i o n s
apply with q max as maximum substrate turnover and K M as Monod constant. Hence, also here eq 6 is obtained with the only difference that the fractionation factor does not reflect the isotope effect on first
Introducing the more common δ notation where ε = α-1 is the enrichment factor, or isotope fractionation. 51 Finally, ε can be calculated by the difference of the isotope values of inflow and bioreactor because δ SS ≪ 1:
Hence, irrespective of the kinetics assumed, isotope values of atrazine in the outflow of chemostats are expected to differ from those of the inflow in good approximation by the enrichment factor ε provided that most of the contaminant is degraded and provided that this enrichment factor of the enzyme reaction is not masked by mass-transfer limitations.
Compound Figure  S5 ). After filtration, the atrazine was extracted with dichloromethane (10% of the sample volume, three times). 32 The dichloromethane was evaporated under a nitrogen stream and the atrazine was reconstituted in 100 μL ethyl acetate. Simultaneously, 1 mL of the inflow to the chemostat was collected (which was sufficient because of the high feed concentration) frozen at −80°C, dried by lyophilization, and the atrazine was reconstituted in 100 μL ethyl acetate, as well. Carbon and nitrogen isotope analyses of atrazine were performed on a GC-IRMS system consisting of a TRACE GC Ultra gas chromatograph (Thermo Fisher Scientific, Italy) equipped with a DB-5 analytical column (60 m, 0.25 mm i.d., 1.0 μm film, Agilent Technologies, Germany) coupled to a Finnigan MAT 253 isotope ratio mass spectrometer via a Finnigan GC Combustion III interface (both Thermo Fisher Scientific, Germany). Detailed information about the method adapted from Schreglmann et al. 52 is provided in the SI. Concentration Measurements, Cell Counting, and Microscopy. Atrazine and 2-hydroxyatrazine concentrations were measured using a Prominence HPLC system (Shimadzu Corp., Japan) together with a 100 × 4.6 mm Kinetex 5 μ Biphenyl 100 Å column (Phenomenex Inc., Golden, CO). For cell counts, cells were first fixed with 2.5% glutaraldehyde, then stained with SYBR Green I (total cells) and propidium iodide (dead cells) and analyzed on a Cytomics FC 500 flow cytometer (Beckmann Coulter, Hebron, KY). The shape of fixed cells was analyzed on agar glass slides by light microscopy with an Axioscope 2 Plus microscope (Carl Zeiss AG, Germany). For a detailed description of these methods see the SI.
Statistical Treatment of Concentration and Isotope Data. The chemostat culture was performed in two biological replicates. The steady state concentrations of the individual biological replicates measured during the last 4 days of each dilution rate were compared with a two sample t test (N = 4). As they were not statistically different from one another at the 0.05 level for each dilution rate, the concentration values were combined and the average substrate concentration and the standard error for each dilution rate were calculated (N = 8). A similar approach was chosen for the determination of the enrichment factors. The enrichment factor for each biological replicate at each dilution rate was determined as described above in five technical replicates per bioreactor sample which were compared with a two sample t test (N = 5). As they were not statistically different from one another at the 0.05 level for each dilution rate, the enrichment factors of the two biological replicates were combined and the average and the 95% confidence intervals were calculated for each dilution rate (N = 10).
■ RESULTS AND DISCUSSION
Studying Isotope Fractionation of Atrazine Degradation at Low Substrate Concentrations in Chemostats. We established a new approach to explore isotope fractionation during micropollutant degradation by microorganisms adapted to trace contaminant concentrations by cultivating the atrazine degrader A. aurescens TC1 in chemostats (Figure 1) . By lowering the dilution rates in the chemostats stepwise (from 0.023 h −1 to 0.006 h −1 ), environmentally relevant steady-state concentrations of pollutants were established (32 μg/L at the lowest dilution rate) and these concentrations were varied to probe for the concentration where the mass transfer across the cell envelope becomes rate limiting for the biodegradation of atrazine. The chemostat approach allowed withdrawing sufficient amounts of sample at steady-state to facilitate isotope analysis. Simultaneously, bacteria could adapt to low substrate concentrations. 11 Aerobic cultivation of A. aurescens TC1 in chemostat at a high dilution rate (0.023 h −1 ; t = 19 days; SI Figure S2 ) resulted in a steady state residual atrazine concentration of 82.6 ± 2.0 μg/L meaning that more than 99.8% of the atrazine of the inflow (30 mg/L) was transformed into the final product cyanuric acid. Also hydroxyatrazine concentrations (between 67 and 256 μg/L in all experiments) made up only between 0.1% and 0.6% of the mass balance and the subsequent metabolite N-isopropylammelide was not detected. The predominant downstream product was cyanuric acid confirming that, as expected, degradation of atrazine involved mineralization of the side chains to over 99%, whereas the aromatic ring was left untouched. These residual concentrations of atrazine (82 μg/L equals 0.4 μM) and hydroxyatrazine (between 67 and 256 μg/L, respectively 0.3 and 1.3 μM) are already considered as substrate limitation 11, 53 and are also found in U.S. groundwater close to atrazine treated maize plots. 54 The isotopic signature of atrazine in the bioreactor showed a difference of δ 13 C in − δ 13 C SS ≈ ε(C) = −5.36 ± 0.20‰ compared to the inflow, whichas we predict (see theoretical treatment in the Experimental Section)is identical to the enrichment factors determined in high concentration batch degradation with resting cells 32 and pure enzyme. 35 This strong isotope fractionation demonstrates that the degradation is not (yet) mass transfer limited at 82 μg/L (0.38 μM) residual atrazine concentration. Our determination of isotope fractionation in chemostats bears considerable novelty. A limited number of previous chemostat studies evaluated isotopic differences between substrate and product. 21, 23, 24, 55, 56 This approach, however, is restricted to exceptional cases, since it requires that most of the substrate remains unreacted and only a small fraction is turned over (such as in photosynthesis 21, 23, 24 or methanogenesis from a large pool of CO 2 /bicarbonate 57 or in sulfide production from a large pool of sulfate 55 ). These reactant-product comparisons do not work for growth-limiting substrate, since at steady-state these substrates (atrazine in our case) are turned over to more than 99%. For reasons of mass balance, the isotope ratio of the biomass or CO 2 as predominant anabolic and catabolic products of atrazinewould show the initial isotope ratio of the atrazine feed. Hence, it is necessary to measure the isotope ratio of the standing stock of residual atrazine to determine the degradation-associated isotope fractionation as derived in eqs 2−9. For a more detailed consideration of isotope fractionation in steady-state turnover see also the seminal treatment by Hayes. 58 To our knowledge this is the first chemostat experiment which determines isotope enrichment factors with high precision by measurements of the same limiting substrate in inflow and outflow of a bioreactor. This expands chemostat-based isotope fractionation studies to a large number of target compounds including all cases where a substrate is truly limiting for growth and where the isotope ratio of immediate products cannot be determined (because ε−values are derived from isotope analysis of the substrate only). This chemostat approach has two advantages over batch reactions. First, the result does not depend on concentration measurements, which makes it more precise as no error is introduced by the concentration measurements. Second a onetime sampling at steady state makes studies at low concentration accessible, where fast degradation or low solubility would not allow withdrawing multiple large-volume samples over time in batch experiments, as needed for typical evaluations of ε(C) by the Rayleigh equation. 48, 59 Mass Transfer Limitations Revealed by Isotope Fractionation. We exploited this new opportunity to investigate if, and at what point, mass transfer became limiting when atrazine concentrations were systematically lowered by decreasing dilution rates (μ med = 0.018 h ) over a total cultivation time of 120 days ( Figure 2 ). As expected, these lower dilution rates resulted in lower respective residual atrazine concentrations of 61.5 ± 1.3 μg/L (0.29 μM) at μ med , 44.5 ±1.0 (0.20 μM) at μ low , and 31.9 ± 1.0 μg/L (0.15 μM) at μ min ; Figure 2B ). Remarkably, these low-concentration experiments also resulted in a dramatic decrease in isotope fractionation compared to batch studies with resting cells, 32 pure enzyme 35 or to chemostat at 83 μg/L (Figure 2A) . The concentration-dependent decrease in isotope fractionation is fully consistent with the working hypothesis of mass-transfer limitations at low concentrations, and with predictions by Thullner et al. 37, 38 Specifically, the degradation-induced normal carbon isotope effect ((d 13 C/dt)/(d 12 C/ dt) < 1) decreased with lower concentrations to a similar extent (from ε(C) = −4.34 ± 0.13‰ at μ med to −2.12 ± 0.08‰ at μ low and −2.32 ± 0.28‰ at μ min ) as the simultaneously occurring inverse nitrogen isotope effect
, which decreased from ε(N) = 1.94 ± 0.06‰ to 1.04 ± 0.09‰ and 1.27 ± 0.08‰ at corresponding dilution rates. This identical masking despite an opposing nature of the isotope effects was also represented in the dual element isotope trend λ defined by the ratio ε(N)/ ε(C). Lambda remained constant with decreasing concentration and dilution rate (−0.45 ± 0.13 at μ med , −0.49 ± 0.15 at μ low , and −0.55 ± 0.15 at μ min ) and was similar to previous resting cell and pure enzyme degradation experiments (−0.61 ± 0.06 and −0.54 ± 0.02). 35 Taken together, this provides compelling evidence that the underlying enzymatic degradation mechanism (including all steps until irreversible C−Cl bond cleavage) remained the same so that changes in enrichment factors must result from another preceding ratelimiting step masking the isotope fractionation of the enzymatic reaction of TrzN. Since diffusion of atrazine through the media toward the cells can be ruled out considering the high agitation in the chemostat (600 rpm), the rate-limiting step of the degradation must be mass transfer across the cell membrane itself, in a similar way as conceptualized for cell membrane passage of CO 2 during algal growth. 21, 23, 24 Indeed, a common observation of these photosynthesis studies and our work is that isotope fractionation became smaller at lower concentrations of substrate: c[CO 2 ] in photosynthesis, c[atrazine] in our study. The difference between both studies, however, becomes evident when considering growth rate-tosubstrate ratios (μ/c[CO 2 ]). While studies on algal photosynthesis consistently report a linear increase in isotope fractionation at lower μ/c[CO 2 ], in our experiments the opposite was observed: isotope fractionation decreased from ε(C) = −5. /0.15 μM). How can this opposite trend be explained? In algal photosynthesis nitrate rather than CO 2 is the limiting nutrient. When growth rates μ are small, it is, therefore, because supply of nitrate is limited, not of CO 2 . Hence, small μ/c[CO 2 ] makes for conditions in which CO 2 exchange between inside and outside the cell is maximized and carbon isotope fractionation is fully expressed. The situation is different in our experiments where small μ necessarily came along with mass transfer limitation of atrazine. In this case isotope fractionation decreased with lower μ/c[substrate]. Our results, therefore, imply that the relationship of μ/c[substrate] versus ε(C) brought forward for algal growth can only be expected if another nutrient (typically nitrate) is limiting because only then is ε(C) fully expressed when μ approaches zero, otherwise the same situation would be expected as in our experiments. It can also explain why this relationship was no longer observed in algal growth when nitrate limitation was alleviated (refs 21 and 23 and refs cited therein). Hence, our observation that isotope fractionation did not increase with lower growth rate, but that the opposite trend was observed, demonstrates that it was the low atrazine concentration that induced mass-transfer limitations, not variations in growth. Finally, we can also exclude changes in biomass as potential reason because cell densities remained constant irrespective of μ in our experiments.
Numerical Modeling Provides a Mass Transfer Estimate for Membrane Permeation. A numerical model was developed to provide quantitative estimates of the rates involved in the interplay between mass transfer limitation and degradation processes as described in Gharasoo et al. 44 In the absence of a mass transfer term, model predictions reproduced neither observed isotope ratios nor concentrations when based on Monod parameters derived from complementary experiments (Kundu et al., in communication): substrate affinity K S = 237 ± 57 μg/L; maximum growth rate μ max = 0.12 ± 0.02 h −1
. In contrast, the effect of masking on isotope ratios and concentrations could be adequately reproduced by implementing a linear mass transfer term with an estimated mass transfer coefficient of about k tr = 0.0025 s −1 (Figure 3 , SI Table S1 ). From this value of k tr = 0.0025 s −1 , the diffusion coefficient through the membrane D mem and the apparent permeability of the cell wall P app calculate to P app = 3.5 × 10 −5 ms −1 and D mem = 1.9 × 10 −16 m 2 s −1 (see theoretical treatment in the Experimental Section), which are values in a typical range of small organic molecules. 60 These conclusions are reinforced by model runs that included bacterial maintenance demand in the form of a Pirt type maintenance term. 50, 61 As expected, the maintenance term had an effect on the biomass, but not on the phenomenon that isotope fractionation became smaller at low concentrations (SI Figures S7 and S8) .
Adaptation of A. aurescens TC1 to Low Atrazine Concentrations. Interestingly, the evidence of mass transfer limitations was observed at a growth rate μ med = 0.018 h −1 which is 16% of μ max and the residual substrate concentration 61.5 μg/L is around 25% of K S . In addition, we observed a fast onset of masked isotope fractionation within a remarkably small concentration range (from −5.36‰ at 83 μg/L to −2.12‰ at 44.5 μg/L), whereas a theoretical model by Thullner et al. predicts a slower onset over more than 1 order of magnitude in concentrations. 38 Growth under these low substrate concentrations is often accompanied by physiological changes to adapt to substrate limitation. 49, 62 Indeed, we did observe changes in morphology as first indicator of physiological adaptation. Whilewith decreasing dilution ratesthe number of live cells decreased (from 2.0 × 10 7 cells/mL to 1.4 × 10 7 cells/mL, Figure 2C ), rod-shaped cells maintained their length (1.61 ± 0.05 μm), but increased their diameter (from 0.60 ± 0.02 μm at μ med to 0.71 ± 0.01 μm at μ min , Figure 2E ) leading to a constant calculated dry weight at all dilution rates (m biomass = 0.56 ± 0.03 mg/L; SI Figure S3 ). This change from rod shape at high growth rates with atrazine in excess to coccus-like shape in stationary phase when atrazine concentrations are low in batch has also been described by Strong et al. 40 In chemostat cultivation the cells are still in a growing phase and the present observation of a change in morphology captures a transition from rod (high energy/high growth) to cocci (extreme low energy/no growth) shape and may be a strategy to minimize the bacterial surface-to-volume ratio to save energy. Considering that A. aurescens TC1 assimilates only five carbon atoms per atrazine molecule (7 mg C /L), 40 the m biomass results in a yield of Y = 0.08 g biomass / g carbon , which is only 30% of that in fed-batch growth at high atrazine concentration (SI Figure S4 ). This observations suggests that a larger proportion of substrate goes into maintenance (no-growth associated reactions), which provides further evidence of physiological adaptation. Furthermore, as the low isotope fractionation reveals slow mass transfer compared to enzymatic turnover, this must inevitably lead to a depletion of substrate inside the cell. When describing this situation with the rate constants of the model, the intracellular substrate concentration (c bio ) is estimated to be reduced by 40% compared to those in solution (c bulk ) (3B). Hence, substrate scarcity inside the cell is more severe than apparent c bulk . This is a promising starting point for future work to explore the consequences for physiological adaptation of A. aurescens TC1 to energy limitation. Mass Transfer Limitations in Micropollutant Degradation Potentially Bias Assessments of Biodegradation with CSIA. The finding that growth under energy-limited conditions is accompanied by mass transfer limitations affects our understanding of contaminant biodegradation on multiple levels. Rate-limiting mass transfer across the cell membrane does not only slow down atrazine degradation in the environment but also masks the isotope fractionation of the underlying enzyme reaction. Specifically, since such isotope fractionation at low concentrations is smaller than measured in the lab at high pesticide concentrations, isotope-based assessments of biodegradation may become compromised in cases such as presented here. The extent of biodegradation in the environment would be underestimated for turnover of compounds at trace levels. As a consequence, the ideal strategy would include either (i) an estimate of the masking effects according to Thullner et al.'s model 38 or (ii) to directly measure possible mass transfer limitations by determining the enrichment factors in the laboratory at varying concentrations with our proposed chemostat approach instead of batch degradation experiments. Future studies may, therefore, show whether the findings of this study may be reproduced in other organisms.
Most importantly, our proof of concept provides a suitable experimental system to pinpoint this onset of possible mass transfer limitation for potentially a wide variety of bacterial strains and pollutants as growth-limiting substrates (with the only prerequisite that the underlying enzyme reaction must lead to pronounced isotope fractionation in a given element). In particular, the long cultivation times in chemostats allow bacterial adaptation to substrate limitation in atrazine degradation. In turn, this provides the unique opportunity to pinpoint the onset of mass transfer limitation for limiting substrates within a specific concentration range, and to study how microorganisms respond by employing specific adaptation strategies. Hence, future studies targeting (i) the maintenance energy and the threshold concentration at which adaptation is expected to take place and (ii) the role of physiological adaption to this substrate limitation, will be instrumental in shedding further light on limitations of micropollutant degradation at low concentrations.
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